Inorganic thallium compounds in the atmospheric particulate matter of emissions and in the workplace air of specific industrial production can be determined through selective sequential extractions: Tl(I) is separated from Tl(0) and Tl(III) in the first step, Tl(0) in the second one, while in the final extraction both Tl(III) soluble and insoluble compounds are determined. The procedure has been tested on 1633a Coal Fly Ash standard reference material. The thallium recovery was in the range 91 -98%.
Introduction
Thallium is a soft and malleable metal. It is a rare, but widely spread element; its average content in the crust has been estimated to be 0.7 ppm, mainly in association with potassium minerals in clays, soils and granites, but it is not generally considered to be commercially recoverable from these forms. This metal is a by-product recovered in some countries from flue dust and residues collected in the smelting of copper, zinc and lead ores. 1 It is also contained in pyrites, and is extracted as a by-product of sulfuric acid production. Since thallium compounds are volatile at high temperature, they are not efficiently retained by electrostatic precipitators or other emission control facilities. Thus, a large fraction of thallium, which enter these processes, is released into the atmosphere. It has been reported that the thallium concentration on airborn fly ash increases with decreasing particle size. 2, 3 Thallium levels have also been measured in workplace air (14 -22 mg m -3 ), while data in ambient air are sparse (0.04 ng m -3 -0.7 mg m -3 ). 4 In the past thallium and its salts were extensively used for medical purposes and as poisons for rodents, while in the last decades the use of these compounds was substantially increased in industry, such as in the manufacture of imitation jewelry, low-temperature thermometers, ceramic semiconductor materials, scintillation counters and in lenses, prisms and windows for infrared detection and transmission equipment. Other uses have included an additive in glass to increase its refractive index and density, a catalyst for organic compound synthesis and a component in high-density liquids for the sink-float separation of minerals, pigments and fireworks. Radioactive thallium-201 is used for diagnostic purposes in cardiovascular imagining.
The scientific and medical literature documents negative effects of thallium on human health and on living organisms. It has been reported that thallium is more acutely toxic than Hg, Cd, Pb, Zn and Cu in mammals. 5 Adverse health effects to workers exposed on the job over a period of several years have been investigated. 6, 7 Human exposure to thallium occurs by oral, dermal or respiratory routes, affecting several tissues and systems, mainly the central nervous system.
The Occupational Safety and Health Administration (OSHA) and the American Conference Governmental Industrial Hygienists (ACGIH) have set an exposure limit of 0.1 mg m -3 for thallium in workplace air. 8, 9 Part of the reason for thallium's high toxicity is that Tl + shares similarities in ionic charge and crystal radius with K + ; it can thus occupy certain K + binding sites, and it can also interact with sulfydryl groups at the mitochondrial membrane. 10 Recently it has been found that Tl 3+ interferes with glutathione metabolism 11 and alters the physical properties of the liposome membrane, following the order Tl
3+
, Tl(OH)3 > Tl + . 12 Thus, it is clear that the thallium toxicity depends on its different chemical forms. 13 Thallium determination in air can be performed with various analytical techniques, including optical and mass spectrometry inductively coupled plasma (ICP-OES, ICP-MS) 14, 15 and neutron activation analysis (NAA), 16 but no speciation procedure for determining thallium air dispersed has been reported in the literature.
Following a scheme already used for other metal species, for example, Cd, 17 Se, 18 Be, 19 Ni, 20 and In, 21 in this paper a sequential extractions procedure is described for the determination of the main inorganic thallium compounds (Tl(0), Tl(I), Tl(III) soluble and insoluble) that are expected to be present in atmospheric particulate matter and in the workplace air of specific industrial production.
Experimental

Materials and methods
An ICP-OES Jobin Yvon JY 138 (monochromator THR 1000, R. F. generator frequency JY 2310) and an ICP-OES Perkin Elmer Optima 3300 DV were used for measurements. The operating conditions and the instrumental parameters were those suggested by the manufacturers.
A range of linearity between the intensity and the thallium concentration for the instruments was obtained using standard solutions prepared from a 1 mg ml -1 stock solution and acidified LOD was calculated as 3s of the mean blank signal and LOQ as 10s.
Airborne particulate matter was collected with an Andersen Instrumental Model 302, PM-10 high-volume sampler with 1.13 m 3 min -1 air flow, placed in a laboratory of the General Chemistry Department. Particulate matter was sampled on cellulose nitrate or acetate filters. High-volume samplings (16 h sampling, equivalent to about 1100 m 3 air) have been known to have particulate matter sufficient to test with accuracy a precise thallium concentration. This matrix was used for spike recovery.
All reagent-grade chemicals were from Aldrich Chemical Company; Aristar-grade acids and Milli-Q water were used through the experiments.
Thallium
Thallium sponge was prepared in the laboratory reducing thallium(I) acetate with NaBH4 at room temperature; Tl(0) was then filtered, washed and stored under water.
Samples preparation
In order to have the thallium concentrations nearer to those expected in the atmospheric particulate matter from specific industrial production, each compound was homogenously dispersed in an agate mortar with an inert powder (20.3 mg of TlNO3 (15.6 mg as Tl) in 1.04 g CaCO3, 135.7 mg of Tl(NO3)3·3H2O (62.4 mg as Tl) in 1.77 g CaCO3 and 20.0 mg of Tl2O3 (17.9 mg as Tl) in 1.04 g CaCO3). Because Tl(NO3)3·3H2O is an hygroscopic salt, in order to avoid a weighing error, a greater amount of this compound was weighed. The homogeneity of each sample was confirmed by analyzing three sub-samples (20 mg) for the total thallium content (dissolution of each samples with 3 ml of HNO3 (65%), as below described), obtaining a recovery of between 98 and 102% with an RSD not exceeding 2%.
A first mixture (M1) of TlNO3, Tl(NO3)3·3H2O and Tl2O3 was accurately prepared by mixing in an agate mortar about 500 mg (exactly weighed) of TlNO3 and Tl2O3 dispersions and about 250 mg (exactly weighed) of Tl(NO3)3·3H2O dispersion. Three amounts (20 mg) of this mixture were analyzed for the total thallium content and for the speciation procedure (described below) to determine their final composition.
A more diluted mixture (M2) was then prepared by mixing 300.0 mg of M1 with 3.0 g of CaCO3. Three amounts (100 mg) of this mixture were analyzed either for the total thallium content, or submitted to a speciation procedure (below described) to determine their final composition. In order to verify the efficiency of the procedure in real situations, the speciation was performed in the presence of the particulate matter sampled from the air of a laboratory of the Department, not containing Tl (< 5 ng m -3 ), collected by a high-volume Andersen sampler in order to have a significative volume of air to test with accuracy and precision thallium concentration, and on a reference material, Coal Fly Ash SRM 1633a NIST (100 -500 mg, n = 4) before and after spiking (50 mg M2).
Blank contents on the filters, containers and reagents were accomplished to correct the final values.
Thallium oxidation over time
When a freshly cut surface of thallium is exposed to air, it is gradually covered by a dark-grey film that protects the metal from any further change; this is the reason why it is stored under water. Thallium powder has a wide superficial area, compared to the granular form commercially available, so its oxidation is favorite and promoted by a mixing operation in an agate mortar. Thallium(0), 16.3 mg, was homogenously dispersed in an agate mortar with 524.1 mg of SiO2, and used to study the predictability of thallium oxidation. The mixture was kept in a dessicator and submitted to the proposed speciation procedure at different times from the preparation (one week, one month and six months). About 70% of thallium becomes oxidized after one week. Thus, Tl(0) in the air particulate is easily oxidized to Tl2O, and can not necessarily be found.
Total thallium determination
The synthetic samples and the reference material were treated with 3 ml of HNO3 (65%), sonicated for 10 min, heated with reflux for 10 min and then evaporated to a few milliliters. After cooling, the samples were filtered and made up to the mark (25 ml) with water, giving limpid solutions, which were then analyzed for the thallium concentration.
Good agreement between the found and expected values in the SRM and a good recovery in the spiked samples analyzed indicated that the total thallium concentration had been correctly examined.
Speciation procedure
Weighed amounts of each sample (synthetic mixtures and reference material) were treated with 10 ml of water, sonicated in a cleaner bath, 50 Hz and 305 W, for 10 min at room temperature, filtered on a 0. The residue [R2], containing all insoluble species of thallium, was refluxed for 10 min with 3 ml of HNO3 (65%), and then evaporated to a few milliliters. After cooling and filtration, the solution [S3] was made up to the mark (25 ml) with water and analyzed to determine Tl(III) from soluble and insoluble compounds. The residue [R3] did not contain thallium compounds.
The scheme of the procedure is reported in Scheme 1. The blanks arising from each step of the dissolution procedure were evaluated and taken into account by carrying out the overall procedure step onto blank filters of the same batch used for the overall study. The dissolution times, temperature, ratio solid mixture/extracting solution recommended in all of the steps of the procedure were selected on the basis of the good recoveries obtained.
Poorer reproducibility was obtained with a shorter dissolution time, and the ratio of the solid mixture/extracting solution was suitable for quantitative extractions measurable by ICP-OES and ICP-MS. These experimental conditions have already been optimized in our previous papers. [17] [18] [19] [20] [21] 
Results and Discussion
The speciation procedure allows for the separation and the determination of only Tl(I) compounds from Tl(III) compounds, but not separation between Tl(III) soluble salts and Tl(III) insoluble compounds (such as Tl2O3), because of Tl(OH)3 precipitation from Tl(III) soluble salts. In this procedure sulfides can interfere during the first step of the dissolution, because they can reduce soluble Tl(III) compounds. As a matter of fact, it is provable that in the particulate matter of emissions and workplace air sulfides are present in association with heavy metals from industrial production, such as the sulfuric acid production and in the smelting of copper, zinc and lead ores.
In this case, the proposed procedure allows for the determination of the soluble Tl(I) plus Tl(III) compounds from insoluble Tl(III). Nevertheless, the first step can be modified by substituting water with NaOH (0.1 M): in an alkaline medium, sulfides do not reduce soluble Tl(III) compounds to Tl(I). The use of NaOH in the first step, however, can be applied only in samples with low content in silica, where the formation of the insoluble Tl(I) silicate is negligible. 22 To take into account any possible matrix influence, the procedure was tested on a synthetic mixture (M2) of thallium compounds in the presence of particulate matter sampled from air collected in the laboratory of the Department, previously analyzed for the total thallium content.
CaCO3 was used as a powder so as to dilute thallium compounds instead of SiO2 or BaSO4 used in the previous speciation procedures; 15, 18 they were abandoned after the first essays, because of the low recoveries obtained in the first step of the speciation procedure. Dispersions of Tl(I) salts in SiO2 gave a recovery of 17% (mean values of 12 determinations, RSD 5%) and higher but not quantitative recoveries, about 70%, were obtained by those in BaSO4 (mean values of 8 determinations, RSD 4%). These low recoveries are due to the formation of an insoluble compound between Tl(I) and SiO2 22 in the first case, and to a probable coprecipitation with BaSO4 23 in the other one. On the contrary, Tl(0) dispersions were prepared in SiO2 so as to avoid, in the presence of a large amount of carbonates, the formation of insoluble Ag2CO3 during the second step of the procedure. Tl(0) is, however, rapidly oxidized to thallous oxide by air, as described in the above paragraph; as a consequence, the measured Tl(0) concentration is continuously diminuishing due to its progressing oxidation.
Particulate matter sampled on a cellulose filter was digested, as described in "Total thallium determination" and analyzed by ICP-MS. Thallium was <5 ng m -3 , negligible with respect to the concentration to be examined. The results of speciation (first step with water), the mean of three independent measurements, are reported in Table 1 .
The procedure was then applied to Coal Fly Ash SRM 1633a (certified value for total thallium, 5.7 ± 0.2 mg g -1 ) from NIST and to the same sample spiked with the thallium compounds (M2).
Coal Fly Ash SRM 1633a (100(1) mg) was digested with 3 ml of HNO3 (65%) to determine the total thallium concentration, which was found to be 6.6(5) mg g -1 (n = 4), in satisfying agreement with the certified value. Although the total thallium concentration is very low, an aliquot of the sample (200 mg) was nevertheless submitted to the procedure (first step by water), and thallium was found to be 3.0(3) mg g -1 as Tl(I) and 2.7(3) mg g -1
as Tl(III) (soluble and insoluble compounds). Due to this low thallium content, four amounts (500 mg) of the certified sample were spiked with a few mg (50 mg) of the most diluted mixture (M2). The fortified matrices, containing an appreciable concentration of the different thallium compounds, were submitted to the speciation procedure. The results, the mean values of four independent measurements, are very satisfactory (see Table 2 ).
Conclusions
Inorganic thallium compounds (Tl(I), Tl(0) and Tl(III)) that are expected to be present in the atmospheric particulate matter of emissions and in the workplace air of specific industrial production can be separated and quantitatively determined following a three-step sequential dissolution procedure. Certi ed value for total Tl, 5.7 ± 0.2 mg g -1 ; found, 6.6 ± 0.8 mg g -1 .
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Different toxicity, and therefore a different risk, are related to different inorganic thallium species of Tl(III), more toxic than Tl(I). The procedure was successfully applied to simulated airfiltered samples prepared by spiking with known amounts of inorganic thallium compounds, with the air particulate matter not containing thallium (total Tl <0.01 mg m -3 ) sampled in a chemical laboratory of the department, and then to an environmental standard reference material, Coal Fly Ash 1633a. Thallium recoveries of the different species were in the range of 91 -98%.
